In this work, Ni substituted magnesium spinel ferrites having general formula Mg 1 − x Ni x Fe 2 O 4 (where x = 0.0, 0.1, 0.15, 0.2, 0.25 and 0.3) were synthesized by standard solid state reaction method. All the samples were characterized by X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), vibrating sample magnetometer (VSM), DC resistivity measurements. X-ray diffraction analysis confirmed the single spinel phase. The lattice constant decreased with increasing Ni content due to the difference in the ionic radii of Mg 2+ and Ni 2+ ions. The FT-IR spectra reveled two prominent frequency bands in the wave number range of 400 cm −1 to 600 cm −1 , which confirmed the cubic spinel structure of obtained compound and completion of chemical reaction. Magnetic studies revealed that the saturation magnetization increased with the substitution of Ni. The increase in magnetization was explained on the basis of distribution of magnetic and non-magnetic cations among A and B sites of the spinel lattice. A significant influence of cation distribution on DC electrical resistivity and activation energy was observed.
Introduction
Spinel ferrites are promising ceramic magnetic materials and are a subject of intense theoretical and experimental investigations due to their remarkable electrical and magnetic properties. The spinel ferrites are widely used in the fields of magnetic resonance imaging (MRI), magnetic highdensity information storage, etc. Among the spinel ferrites, Mg 2+ and Ni 2+ ferrites are soft magnetic n-type semiconducting materials, and are used in heterogeneous catalysis, adsorption, sensors, magnetic storage systems, magnetic resonance imaging, spintronics, LPG sensors, etc. [1] .
A spinel unit cell is a face centered cubic structure, formed by 32 O 2− ions, which contains 64 tetrahedral (A) and 32 octahedral (B) interstitial sites. Among these, 8 tetrahedral A-sites and 16 octahedral B-sites are occupied by metal ions. * E-mail: rajeshbabu.bitra@gmail.com Therefore, substitution of different ions with different valence states in spinel ferrite, alters the cation distribution, which in turn, enhances or reduces its electromagnetic properties [2, 3] .
Several authors reported the influence of various cations on Mg ferrites [4] [5] [6] [7] [8] .To the best of the authors' knowledge, there is no detailed report correlating structural modifications (microstructure) with the electromagnetic properties of Mg-Ni ferrites in the literature. Therefore, the present study is focused on the influence of Ni substitution in B-site and corresponding modifications in electrical and magnetic properties of Mg 1 − x Ni x Fe 2 O 4 (where x = 0.0, 0.1, 0.15, 0.2, 0.25 and 0.3) prepared by solid state reaction method. synthesized by solid-state reaction method. High purity analytical grade (AR) precursors of MgO (99.9 % Himedia), Fe 2 O 3 (99.9 % Himedia) and NiO (99.9 %) were used as starting materials in desired stoichiometric proportions. The starting precursors were weighed as per stoichiometric proportions and mixed thoroughly in an agate motar with a pestle in acetone medium for 6 h. The mixed metal oxide powders were calcined at 900°C for 4 h. The powders were compacted in the form of pellets by adding 5 % of polyvinyl alcohol (PVA) as a binder. Finally, the powder materials and pellets were sintered at 1200°C for 4 h followed by natural cooling to room temperature. The reflections corresponding to the planes (1 1 1), (2 2 0), (3 1 1), (2 2 2), (4 4 0), (4 2 2) and (5 1 1) present in all samples provide the evidence of the formation of a spinel structure of the ferrite. These peaks correspond closely to the standard pattern of a spinel magnesium ferrite (ICSD# 01-073-1720) and no extra reflections are observed [9] . This confirms the formation of a single-phase of the spinel compound without traces of any detectable impurities. The Rietveld refinement is a well-known and useful tool for structure determination [10] . It allows the determination of lattice parameters, atom positions, occupation parameters, isotropic and anisotropic temperature parameters. X-ray diffraction patterns were analyzed by general scattering analysis software (GSAS) using Rietveld refinement method. The Rietveld refinement of pure Mg ferrite is shown in Fig. 2 . The experimental lattice parameter a exp was calculated according to the following equation:
Experimental
where d is the interplanar distance of each plane and (h k l) are Miller indices. The calculated values of a exp as a function of Ni content are shown in Fig. 3 .
The lattice constant of undoped Mg ferrite is consistent with the values reported in the literature [11, 12] . In accordance to Vegard law, lattice constant continuously decreases as the substitution percentage of Ni 2+ increases at the expense of Mg 2+ ions. Similar behavior in the lattice constant as a function of Ni was reported in the literature [13] . The observed decrease in the lattice constant has been attributed to the difference It is also observed (Fig. 3 ) that variation in the lattice constant is small with the substitution of Ni ions. This is due to the fact that a fraction of larger Mg 2+ ions occupies tetrahedral A sites, which displace Fe 3+ ions in octahedral sites. This causes a small variation in the lattice constant. The average crystallite size D 311 , cell volume V c , X-ray density d x were calculated from XRD data, while the bulk density was measured by considering mass to volume ratio and the results are listed in Table 1 . Crystallite size D was calculated by the following wellknown Scherrer equation:
where k is the Scherrer constant, λ is the wavelength of X-ray used, β is the full width at half maximum, θ is the Bragg angle:
where Z is the number of formula units in a unit cell, M w is the molecular weight of the sample, N A is the Avogadro number and V c volume of the cell.
The average crystallite size in the Ni substituted samples was found to be in the range of 41 nm to 47 nm (Table 1) . No significant change in crystallite size has been observed with Ni 2+ substitution. It is clear from Table 1 that the cell volume V c also follows the trend similar to the lattice constant due to lattice shrinkage (Table 1) . On the contrary, the value of the X-ray density, d x increases with the increase in Ni 2+ content (Table 1) due to larger molar mass of substituted Ni, when compared with Mg. In general, the magnitude of the bulk density d b , is smaller than the one of the X-ray density d x due to the presence of pores created during the sintering process. The decrease in density can be ascribed to the difference in the atomic weight and density of Mg 2+ (24.31 g/cm 3 and 1.74 g/cm 3 , respectively), which are lower than those of Ni 2+ (58.69 g/cm 3 and 8.90 g/cm 3 ).
Cation distribution and theoretical lattice constant
In order to understand the variation in lattice parameter, the distribution of cations among tetrahedral A and octahedral B sites was estimated using a well-known X-ray intensity calculation method reported by Burger [14] . This method is quite suitable if there exists a significant difference in scattering factors of the ions (Ni 2+ and Mg 2+ ). The investigation of cation distribution provides a mean to develop materials with desired properties which are useful for many devices [15] . The XRD intensities of various Bragg planes, such as (2 2 0), (3 1 1), (4 0 0), (4 4 0) and (4 2 2), have been considered, as the intensities of these planes are the most sensitive to the cation distribution in A and B sites:
where I h k l is the relative integrated intensity, F h k l is the structure factor, P m is the multiplicity factor and L p is the Lorentz polarization factor. In the process of arriving at the final cation distribution, the site occupancy of all the cations was varied in many combinations and those that agreed well with Using the cation distribution, lattice parameter has been calculated theoretically form the following relation, since there is a correlation between the ionic radii of both A and B-sublattices and the lattice parameter:
where r o is the radius of the oxygen ion (0.132 nm) and r A and r B are the ionic radii of tetrahedral A-site and octahedral B-site, respectively. The values of the theoretical and experimental lattice parameters follow the same trend for all values of x, which confirms the correctness of the suggested cation distribution.
Infrared spectra
Infrared spectroscopy is an important tool to identify the functional groups, phase and purity of samples. Fig. 4 depicts the FT-IR spectra of Ni 2+ substituted MgFe 2 O 4 in the range of 1000 cm −1 to 400 cm −1 . It is observed that the two metal oxides reveal broad and narrow absorption bands (ν 1 and ν 2 ) corresponding to the metal-oxide (M-O) stretching vibrations of tetrahedral ν 1 and octahedral ν 2 sites around 570 cm −1 and 400 cm −1 , respectively. Therefore, it provides a supportive evidence for XRD result with respect to the formation of single cubic spinel phases. The difference in the frequency assignment is due to the difference in the bond length between octahedral and tetrahedral coordinates. In the spectra shown in Fig. 4 , a small shifting of frequency in both tetrahedral and octahedral bands with increasing Ni 2+ concentration is noticeable. The tetrahedral bands are shifted from lower band value (572.88 cm −1 ) to higher band value (582.52 cm −1 ). The octahedral bands are shifted from higher band value (410 cm −1 ) to lower band value (401.02 cm −1 ). The shifting of ν 1 and ν 2 confirms the cation distribution in both octahedral and tetrahedral sites. In general, the shift towards higher frequency can Table 3 .
Besides, the octahedral bands exhibit splitting of absorption bands including few small subsidiary bands. Detected subsidiary bands are mainly due to John-Teller distortion evolved by the presence of ferrous Fe 2+ ions [17] . The force constant can be calculated for tetrahedral site K t and octahedral site K o using the method suggested by Waldron [18] :
where M 1 and M 2 are the molecular weights of cations at A and B-sites, respectively. Both M 1 and M 2 were calculated from the cation distribution data presented in Table 2 . The calculated values of the force constants K t and K o are listed in Table 3 . It can be seen that both K t and K o increase with increasing Ni 2+ content. Furthermore, the fact that the calculated values of K t are greater than those of K o is due to the difference in bond length of A-site r A that are smaller than those of B-site r B . The increase in force constants with increasing Ni 2+ content suggests the strengthening of interatomic bonding.
Scanning electron microscopic study
It is well known that a shape and size of a grain is strongly influenced by the electrical and magnetic properties of the ferrite. Table 3 . The average grain size decreases linearly with increasing Ni 2+ content.
Interionic bonds
The changes in the bond lengths and bond angles between the cation-cation (Me-Me) and cation-anion (Me-O) alters the overall strength of the magnetic interactions (A-A, B-B and A-B) in A and B sublattices. The bond angles (θ 1 , θ 2 , θ 3 , θ 4 and θ 5 ) have been calculated by simple trigonometric principle using the interionic distances with the help of the formulae listed in Table 4 . It is well known that bond lengths and bond angles between cations and cation-anion are likely to influence the magnetic interaction between the sublattices. The strength of the magnetic interaction is inversely related to the bond length and directly related to the bond angle. In spinel ferrite, magnetic moments of A and B sites are aligned in a direction opposite to each other. Thus, the resultant magnetic moment depends on the difference in the magnetic moments of A and B sites. The magnetic interaction between ions present at A and B This may enhance or reduce the magnetic interaction and affects the magnetic properties of the ferrite. The estimated bond lengths shown in Table 5 reveal that interionic distances between cations at (A-A), (B-B) and (A-B) and cation-anion (A-O, B-O) change with increasing Ni content. The increasing trend observed in bond angles θ (1) and θ (2) (Table 5) suggests the strengthening of A-B interactions, while θ (3) , θ (4) and θ (5) are found to be not changed with increasing Ni 2+ concentration. However, deviation from linear increase/decrease in the values is due to the difference in the occupancy ratios of cations among tetrahedral (A) and octahedral (B) sites. The lower value of magnetization for undoped Mg ferrite is caused by occupation of larger concentration of non-magnetic magnesium cations at B-site. The obtained magnetization value of the pristine Mg ferrite is comparatively less than the reported values [19, 20] . The saturation magnetization and coercivity obtained from hysteresis loops are listed in Table 6 .
Saturation magnetization and coercivity
The observed increase in magnetization with increasing Ni 2+ concentration can be explained based on Neel two sublattice model. According to the Neel two sublattices model, metal ions are distributed in two crystallographic sites, namely tetrahedral A and octahedral B. The magnetic moments of A and B sites are aligned in opposite directions. Thus, the net magnetic moment is the difference between the magnetic moments of A and B sites, i.e. M = |M B − M A |. It is reported in the literature that magnesium ferrite and nickel ferrite exhibit inverse spinel structure at room temperature [20] .
In the present study, the magnetic Ni 2+ (2µ B ) ions replace non-magnetic Mg 2+ (0µ B ) ions. Therefore, one can expect an increase in magnetization with increasing Ni content. In general, Mg 2+ and Fe 3+ ions are partially distributed in A and B sites in different proportions. The Ni 2+ ions occupy octahedral sites B, which displaces a fraction of Fe 3+ ions into octahedral A sites. This causes an increase in the magnetic moment of A site and B sites. Thus, the resultant magnetic moment of the spinel lattice increases. The present cation distribution estimated from X-ray line intensity calculations (Table 2 ) supports the observed variation in magnetization. This suggests that the present distribution is more or less equal to the original distribution. Coercivity is the minimum reverse magnetic field strength required to reduce remanence to zero. Coercivity in a ferrite system is known to depend on various parameters, like magnetocrystalline anisotropy, lattice imperfections, dislocations, internal strains, grain size and shape, porosity and secondary phases. In the present investigation, decrease in grain size and nonuniform distribution of Fe 3+ ions (changes in anisotropy of the spinel unit cell) might be responsible for the observed variation in coercivity.
DC electrical resistivity
The temperature dependence of electrical resistivity ρ of Mg 1 − x Ni x Fe 2 O 4 is shown in Fig. 7 . It is clear that all the samples exhibit a linear relationship with temperature. This confirms the semiconducting nature of the prepared samples. It has been observed from Fig. 8 that resistivity increases with increasing Ni 2+ concentration. This change in resistivity can be explained based on the hopping mechanism. The spinel ferrites are known to be low-mobility materials and their conductivity is governed by the charger carrier transfer between similar ions (with different valence states) present at different octahedral sites, through a process known as "hopping mechanism" [21] . Thus, hopping of electron between Fe 2+ and Fe 3+ ions located at octahedral sites is the primary mechanism which allows electrical transport. 
e = 3a 8
When the samples are sintered at high temperature, the formation of oxygen vacancies causes conversion of some Fe 3+ ions into Fe 2+ ions to maintain charge neutrality of the spinel lattice. It has been reported that presence of 0.3 % Fe 2+ content in a ferrite can reduce the electrical resistivity by a factor of more than two orders of magnitude [22] . It was reported that the Ni 2+ ion of resistivity 6.99 × 10 −6 Ω·cm has a strong preference to occupy octahedral B sites whereas the Mg 2+ ion of resistivity 4.29 × 10 −6 Ω·cm and the Fe ion of resistivity 9.9 × 10 −6 Ω·cm tend to occupy B and A sites [23] . When Ni 2+ ion addition of higher resistivity increases at the B sites, replacing Mg 2+ ions of lower resistivity, some Mg 2+ and Fe ions will migrate from B sites to A sites. This, in turn, reduces the availability of Fe 3+ ions at B sites, and thereby, increases the resistivity.
The electrical resistivity of ferrites also depends upon the activation energy, which is associated with the electrical energy barrier experienced by the electrons during hopping. The values of activation energy were calculated using the following relation and are shown in Fig. 8 as a function of Ni concentration. The relationship between resistivity and temperature may be expressed as:
where ρ o is the pre-exponential factor with dimension of Ω·cm, ρ (T) is the resistivity at T, ∆E is the activation energy for conduction, K B is the Boltzmann constant and T [K] is the absolute temperature. The activation energy ∆E of the studied specimens was found within the range of 0.32 to 0.42, which is in good agreement with previously reported values for other spinel ferrites [24] . It is well known that grain size, density and porosity strongly influence the conductivity of ferrites [25] . Fig. 8 clearly shows that grain size and activation energy follow the inverse trend with each other. As discussed above, hopping decreases with decreasing grain size. This is due to the fact that grain boundaries act as poor conductors. With decreasing grain size, no grain boundaries increase and reduce the hopping of charge carriers. In addition to that, an increase in porosity is also responsible for the enhancement in the resistivity.
Conclusions
The results of this work could be summarized as follows: the presence of Ni ions in Mg 1 − x Ni x Fe 2 O 4 causes changes in the structural, magnetic and electrical properties of this compound. The formation of cubic spinel phase was confirmed by X-ray diffraction and IR spectra. Structural, electrical and magnetic properties were analyzed as a function of Ni concentration. Lattice parameter decreases with increasing Ni substitution but the variation is small. Saturation magnetization follows a linear trend. DC resistivity and activation energy increase, as the presence of Ni 2+ ions at B sites reduces the conduction of charge carriers. It is observed that a control over grain size and cation distribution is important to enhance the electric and magnetic properties. We have also examined the influence of divalent ion substitution like Co 2+ [26] and Zn 2+ [27] in MgFe 2 O 4 . It is observed that Ni 2+ substitution enhances the magnetic and electrical properties when compared with Co 2+ and Zn 2+ substitution. This might be attributed to the occupancy of Ni 2+ at B site and reduction of grain size. Another important factor for increasing the resistivity is due to the reduction of possible formation of Fe 2+ ions at B-sites, which further hinders the hopping process.
